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ABSTRACT Germ-line and somatic
mtDNA mutations are hypothesized to act
together to shape our history and our
health. Germ-line mtDNA mutations, both
ancient and recent, have been associated
with a variety of degenerative diseases.
Mildly to moderately deleterious germ-line
mutations, like neutral polymorphisms,
have become established in the distant past
through genetic drift but now may predis-
pose certain individuals to late-onset de-
generative diseases. As an example, a ho-
moplasmic, Caucasian, tRNAc' mutation
at nucleotide pair (np) 4336 has been ob-
served In 5% of Alzheimer disease and
Parkinson disease patients and may con-
tribute to the multifactorial etiology of
these diseases. Moderately to severely del-
eterious germ-line mutations, on the other
hand, appear repeatedly but are elimi-
nated by selection. Hence, all extant mu-
tations of this class are recent and associ-
ated with more devastating disease of
young adults and children. Representative
of these mutations is a heteroplasmic mu-
tation in MTND6 at np 14459 whose clin-
ical presentations range from adult-onset
blindness to pediatric dystonia and basal
ganglial degeneration. To the inherited
mutations are added somatic mtDNA mu-
tations which accumulate in random ar-
rays within stable'tissues. These mutations
provide a molecular clock that measures
our age and may cause a progressive de-
cline in tissue energy output that could
precipitate the onset of degenerative dis-
eases in individuals harboring inherited
deleterious mutations.

The human mtDNA sequence (Fig. 1) (1,
2) has a very high mutation rate, at least 10
times that of nuclear genes (1, 3, 4). Since
mutations are random, any base in the
mitochondrial genome, coding or noncod-
ing, can change. Moreover, since every
cell in the body harbors hundreds of mi-
tochondria and thousands of mtDNAs,
deleterious mtDNA mutations can occur
in all human tissues, somatic and germ-
line. However, the implications of the
different types of mtDNA mutations and
of their distribution between cells and
tissues can be very different. Mutations
which arise in the somatic tissues degrade
cellular energy production but die with the

individual. Mutations which arise in the
female germ line are transmitted to the
next generation, where they can be ob-
served as new mtDNA polymorphisms or
as devastating mtDNA disease. Thus, for
somatic mtDNA mutations which are nu-
merous, it is the quantitative differences
between tissues that affects health, while
for germ-line mtDNA mutations which
are rare it is the qualitative nature of the
mutation which is important for pheno-
type. It is the diversity of the germ-line
mtDNA mutations and the diseases which
they cause that is the focus of this review.

mtDNA Genetics

The human mtDNA is a closed circular
molecule of 16,569 nucleotide pairs (np)
which encodes a small (12S) and large
(16S) rRNA, 22 tRNAs, and 13 polypep-
tides. All of the mtDNA-encoded poly-
peptides are subunits ofthe mitochondrial
energy-generating pathway, oxidative
phosphorylation. Oxidative phosphoryla-
tion encompasses five multisubunit en-
zyme complexes (I to V), arrayed within
the mitochondrial inner membrane. Com-
plex I (NADH:ubiquinone oxidoreductase
or NADH dehydrogenase, EC 1.6.5.3)
removes electrons from NADH while
complex II (succinate:ubiquinone oxido-
reductase, EC 1.3.5.1) collects electrons
from succinate. Both enzymes then
transport the electrons to coenzyme Q
(CoQ). From CoQ, the electrons flow
through complex III (ubiquinol:ferricy-
tochrome-c oxidoreductase, EC 1.10.2.2)
to cytochrome c, then to complex IV
(ferrocytochrome-c:oxygen oxidoreduc-
tase or cytochrome-c oxidase, EC
1.9.3.1), and finally to oxygen to yield
water. The energy that is released by this
electron transport chain is used to pump
protons out through the mitochondrial
inner membrane, creating an electro-
chemical gradient. This gradient is uti-
lized by complex V (H+-translocating
ATP synthase, EC 3.6.1.34) as a source
of potential energy to condense ADP and
Pi to make ATP. ATP and ADP are then
exchanged across the mitochondrial in-
ner membrane by the adenine nucleotide
translocator (ANT) (1-3).

Complex I encompasses more that 40
polypeptides, seven (MTND1, -2, -3, -4,
-4L, -5, and -6) from the mtDNA; com-
plex II involves four nuclear polypep-
tides; complex III includes 11 polypep-
tides, one (MTCYB) from the mtDNA;
complex IV encompasses 13 polypep-
tides, three (MTCO1, -2, and -3) from the
mtDNA; and complex V involves at least
13 polypeptides, two (MTATP6 and -8)
from the mtDNA. ANT is encoded by
nuclear genes. The mtDNA rRNA and
tRNA genes provide the structural RNAs
for mitochondrial protein synthesis,
which are required for the expression of
the 13 mtDNA polypeptides (1, 3).
The mtDNA is replicated and tran-

scribed by using an origin and a promoter
for each of the two DNA strands, the
G-rich heavy (H) strand and the C-rich
light (L) strand. The H- and L-strand
origins (OH and OL) are separated by 2/3
of the molecule, but the H- and L-strand
promoters (PH and PL) are located adja-
cent to OH in the approximately 1000-np
noncoding control region, which also en-
compasses the triple-stranded D-loop (1,
2).
Most human cells contain hundreds of

mitochondria and thousands ofmtDNAs.
Since the mtDNA is predominately trans-
mitted through the oocyte cytoplasm, it is
maternally inherited (5). As a conse-
quence, maternal and paternal mtDNAs
rarely mix in the same cytoplasm, and no
recombination has been detected be-
tween different mtDNA lineages (6, 7).
Thus, the only way that the mtDNA
sequence can change is by the sequential
accumulation of mutations along radiat-
ing maternal lineages.
The high mtDNA sequence evolution

rate (E) is the product of both a high
mutation rate (p) and a high mutation

Abbreviations: np, nucleotide pair; LHON,
Leber hereditary optic neuropathy; AD, Alz-
heimer disease; PD, Parkinson disease;
MERRF, myoclonic epilepsy and ragged red
fibers; MELAS, mitochondrial encephalomy-
opathy, lactic acidosis, and strokelike epi-
sodes; LDYT, LHON and dystonia; NARP,
neurogenic muscle weakness, ataxia, and re-
tinitus pigmentosa and also Leigh syndrome;
DEAF, deafness; MM, mitochondrial myop-
athy; MMC, MM and cardiomyopathy.
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FIG. 1. Human mtDNA map showing locations ofgenes and mutations. Definitions
symbols and mutations are presented in the abbreviations footnote, the text, and ref

fixation rate (F), E = AF. The high mu-
tation rate results in part from the mt-
DNA's lack of protective histones, ineffi-
cient DNA repair systems, and continuous
exposure to the mutagenic effects of the
oxygen radicals generated by oxidative
phosphorylation (1, 3). The high mutation
fixation rate (F) is due to the efficient
intracellular sorting ofmutant molecules in
the female germ line and the rapid genetic
drift ofmtDNAs in the general population.
When a mtDNA mutation arises, it cre-

ates an intracellular mixture ofmutant and
normal molecules called heteroplasmy.
Subsequently, as the mutant and normal
mtDNAs are randomly distributed into
daughter cells during mitotic or meiotic
replication, the percentage of mutant and
normal molecules drifts within the cell,
toward either pure mutant or pure normal
(homoplasmy), a process known as repli-
cative segregation. Mitotic replicative seg-
regation requires multiple cell divisions to
approach homoplasmy, but meiotic repli-
cative segregation can be quite rapid, with
the proportion ofmutant molecules chang-
ing from predominantly normal to essen-

tially mutant in one or two generat
3). This rapid germ-line segregati
been attributed to the rapid sortin
tochondrial genomes within the
germ line during early embryogenc
fertilization, the oocyte contains a
mately 200,000 mtDNAs, one pe
chondrion. Once fertilized, the
DNA replicates and the oocyte c
but the mtDNA does not replica
after the blastocyst is formed. Sh
blastocyst cells that are destined
come the female germ line sequest
a small number ofthe oocyte's mtD
large sampling error occurs (8). I
cases, only normal mtDNAs are 4
tered in the germ-line progenitor
However, occasionally a mutant n
is acquired, resulting in a large incr
the proportion of mutant mtDNAs
oocytes of the next generation.
mutant mtDNA comes to predomi
the germ line, the next gener
mtDNA genotype can shift to v
pure mutant (1, 3).
For a heteroplasmic mtDNA mu

as the percentage of mutant mo

increases, the oxidative phosphorylation
enzyme specific activities decrease until
they fall below the cellular or tissue en-
ergetic threshold (1, 3). The cellular en-
ergetic threshold is that degree of inhibi-
tion of the respiratory complexes below
which the overall efficiency of oxidative
phosphorylation is impaired (9). For
rRNA and tRNA mutations, the ener-
getic thresholds can be quite precipitous
(10). For example, the respiratory capac-

ND5 ity of cells heteroplasmic for the MTTK*-MERRF8344A and the MTTL1*MELAS-
3243C mutationst remain near normal
until about 90o of the mtDNAs are mu-
tant. Above 90%, oxidative phosphory-
lation drops off rapidly, reaching near

HSAs zero above 95% mutant (11, 12). Once the
proportion of mutant mtDNAs exceeds
the cellular energetic threshold, the en-

ND4 ergetic capacities of the tissues and or-
gans of the individual decline rapidly.
Different tissues and organs rely on mi-
tochondrial energy to different extents,
in decreasing order ofthe central nervous
system, heart, muscle, kidney, endocrine
systems, and liver. Therefore, as the mi-
tochondrial energy-generating capacity
of the cell declines, the number and se-
verity of the symptoms increases (1, 3).
Organ energetic thresholds, like the cel-
lular energy thresholds, are quite steep.
InafamilyharboringtheMTTK*MERRF-
8344A mutation, a 20- to 30-year-old with

NA genes 95% mutant mtDNAs was severely af-
fected, while a like-aged cousin with 85%
mutant mtDNAs was clinically and bio-

RNA genes chemically normal (13, 14). This clinical
threshold phenomenon, together with the
high mtDNA segregation rate, can result

ofgene in extreme variability in clinical symp-
s. 1-3. toms of individuals within the same fam-
ions (1 ily. Moreover, for individuals whose mi-
ion has tochondrial genotypes are close to cellu-
g of mi lar and organ expression thresholds,
female small increases in the percentage of mu-
sis At tant mtDNAs can have large effects on
*sisoAt clinical phenotypes. In these cases, small
rmito- age-related accumulations of somatic

r mllto mtDNA mutations may be sufficient tonuclear push the mtDNA genotype beyond the
leaves,

'te until expression threshold, resulting in clinical
tpfailure (14, 15).
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Somatic mtDNA Mutations

The capacity for oxidative phosphoryla-
tion has been shown to decline with age
in a variety ofpostmitotic somatic tissues
(16-18). This decline is paralleled by the
age-related accumulation of somatic
mtDNA mutations, both deletions (19-
30) and point mutations (31). When quan-

tmtDNA disease mutation nomenclature. Ex-
ample: MTTK*MERRF8344A. MTTK is the
altered mtDNA (MT) gene for tRNALYS (TK),
MERRF is the most characteristic clinical
presentation, 8344 is the altered nucleotide,
and A is the pathogenic base.
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titated by using the common 5-kb
mtDNA deletion, somatic mtDNA muta-
tions are found to accumulate to their
highest levels in the basal ganglia of the
brain and next-highest levels in the var-
ious cortical regions. However, mtDNA
deletions do not accumulate in the cere-
bellum (24, 25). mtDNA mutations also
accumulate in skeletal muscle (30), in
heart (22, 26), and in other tissues (23).
These mutations are probably caused
predominantly by oxygen radical dam-
age, since 8-hydroxyguanosine levels are
high in the mtDNAs of older individuals
(32, 33), and mtDNA damage is greatly
increased in ischemic heart disease,
where cyclic ischemia and reperfusion
stimulates oxygen radical production (22,
26). Since all forms of mtDNA damage
that have been examined have been
found to accumulate with age (22, 24, 26),
and the 5-kb deletion reaches over 10% in
the basal ganglia of an 85-year-old indi-
vidual (26), it is likely that much of the
mtDNA in the basal ganglia of the elderly
is damaged (Table 1) (1, 3).
Assuming that the physiological effects

of inherited and somatic mtDNA muta-
tions are additive, the milder the inher-
ited mitochondrial defect, the more so-
matic mtDNA damage that would be re-
quired before symptoms appear. For
individuals born with normal or mildly
deleterious mitochondrial genotypes,
years of accumulated somatic mtDNA
damage would be required before organ
function would decline. However, for
individuals inheriting moderately delete-
rious mutations, substantially less so-
matic mtDNA damage would be neces-
sary for clinical symptoms to appear (Ta-
ble 1) (1, 3).

Germ-Line mtDNA Mutations

While somatic mutations may determine
the time and progression of mitochon-
drial disease, inherited mtDNA muta-
tions define the nature and severity ofthe
clinical manifestations. Germ-line ge-
netic variation is the product of both
ancient and modern mutations, which
have been acted on by both genetic drift
and organismal selection. Neutral muta-
tions that arise in the general population

are usually lost due to the chance effects
of drift. Only rarely does genetic drift
result in a mutation that reaches poly-
morphic frequencies. Hence most of the
polymorphic mutations that exist in the
general population today occurred long
ago and have long since segregated to
homoplasmy. By contrast, severely del-
eterious mutations are rapidly eliminated
by selection in the form of genetic dis-
ease, and individuals harboring such mu-
tations are quickly brought to the atten-
tion of the clinician. Therefore, mtDNA
mutations that cause severe disease are
generally new heteroplasmic mutations.
Between these two extremes are the mild
to moderately deleterious mutations
which do not significantly decrease re-
productive fitness. These mutations can
become established in a population by
drift, but individuals harboring these
variants have slightly reduced energetic
capacity, rendering them subject to pre-
mature degenerative disease.

Neutral mtDNA Variants

A high degree of mtDNA sequence vari-
ation exists between geographically sep-
arated populations. Initially detected by
restriction fragment length polymor-
phisms (RFLPs) (34), much of this vari-
ation is selectively neutral, involving nu-
cleotide substitutions in third-codon po-
sitions and in noncoding regions such as
the control region. mtDNA sequence
variation was first shown to correlate
with the ethnic and geographic origin of
the subjects by analyzing the Hpa I
RFLPs from samples collected from Eu-
rope, Asia, and Africa (35). A four-
fragment African Hpa I pattern (morph 3)
was present in over 95% of !Kung Bush-
men and Pygmies and 75% of Bantus, but
was not present in nonadmixed European
or Asian samples. A three-fragment Eur-
asian Hpa I variant (morph 2) differs from
morph 3 by loss ofone restriction site and
was present in essentially 100% of Euro-
peans and the majority of Asians. A two-
fragment Asian Hpa I pattern (morph 1)
resulted from the loss of a second Hpa I
site and was present in various frequen-
cies in Asian populations from a few
percent in China to 30% in Vietnam (36,

37). The sequential nucleotide changes
resulting in the Hpa I site losses, together
with the maternal inheritance of the
mtDNA, suggest that each of the new
mutations became fixed along radiating
female lineages as women migrated out of
Africa and became dispersed among the
various continents (6, 38, 39).

Analysis of restriction site changes for
the highly polymorphic enzymes Ava II,

BamHI, Hae II, Hpa I, Hha I, and Msp
I in 3065 mtDNAs from 62 populations
throughout the world has revealed sev-
eral basic principles about the evolution
of human mtDNA diversity. First,
mtDNA mutations accumulate sequen-
tially along radiating maternal lineages.
Second, mtDNA variation correlates
highly with ethnic and geographic origin
of the individual. Third, individual re-
striction site variants are either always
associated or never associated, indicat-
ing that mtDNAs rarely if ever recom-
bine. Fourth, there is only one mtDNA
tree for humans, whose branches radiate
out into the continents, implying that
there was a single origin for Homo sapi-
ens. Fifth, the mtDNA sequence diver-
sity within individual populations is high-
est in African populations, next highest in
Asian and European populations, and
lowest in Native American populations.
Assuming that mtDNA mutations and
thus sequence diversity accumulate at a
relatively constant rate, this implies that
Homo sapiens originated in Africa, mi-
grated through Asia and Europe, and
recently arrived in the Americas (6).
These conclusions have been con-

firmed and extended by examining a
greater proportion of the mtDNA se-
quence, using high-density restriction
analysis and control region sequencing.
For these analyses, the mtDNAs of sub-
jects are amplified in nine overlapping
segments by using the polymerase chain
reaction (PCR). The PCR fragments are
then digested with 14 restriction endonu-
cleases, surveying approximately 20% of
the mtDNA sequence. The hypervariable
regions ofthe D-loop are also sequenced.
The interrelationships between the
mtDNA haplotypes (the aggregate of all
nucleotide variants in a mtDNA) are then
determined by generating sequential mu-

Table 1. mtDNA mutations in human evolution, aging, and disease
Inherited mtDNA mutation

Mildly Moderately Severely
Characteristics at time of analysis Neutral deleterious deleterious deleterious

Evolutionary constraints None Low Moderate High
Maintenance in population (>5 generations) Yes Yes No No
Number of associated haplotypes Few Few Many Many
Ethic correlation Yes Yes No No
Heteroplasmy No No Yes/no Yes
Clinical symptoms Aging Stereotyped disease Variable disease Multisystem disease
Onset of debilitating symptoms Old age Late middle age Young adult Childhood
Progression due to somatic mtDNA mutations Gradual Slow Moderate Rapid
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tational phylogenies by parsimony anal-
ysis (PAUP) and by calculating interhap-
lotype and interpopulation genetic dis-
tances (2, 37, 40-44). Such studies have
revealed an ancient mtDNA polymor-
phism, the gain/loss ofaDde I restriction
site at np 10394, which subdivides the
mtDNAs of all continents and thus pre-
dates the radiation of the races. Most
African mtDNAs, including the oldest
lineages, have the Dde I site, while a
limited number of Africans lack the site
(2). European, Asian, and Native Amer-
ican mtDNAs are approximately equally
subdivided by this ancient polymorphism
(37, 41-43). Beyond this common vari-
ant, most mtDNAs from Africa, Europe,
Asia, and America contain continent-
specific restriction site variants. For Af-
rica, about 75% ofmtDNAs are uniquely
defined by the Hpa I morph 3 restriction
site at np 3592 (2, 35, 38). In Europe, over
68% of the mtDNAs are contained within
four European-specific mtDNA lineages
defined by novel restriction site variants.
The first European lineage lacks the Dde
I site at np 10394 and is defined by an Alu
I site loss at np 7025. The remaining three
lineages have the Dde I np 10394 site.
Among these, the second European lin-
eage is delineated by a set of five restric-
tion site changes, a Dde I site loss at np
1715, an Alu I site gain at np 10028, a Hae
II site loss at np 4529, an Ava II site gain
at np 8249, and a BamHI/Mbo I site gain
at np 16389. The third lineage is defined
by two site losses, BstNI at np 13704 and
Rsa I at np 16065. The fourth lineage is
delineated by a combined Hae II np
9052/Hha I np 9053 site loss (44). The
Asian mtDNAs are distributed among a
wide variety of lineages, all of which are
subdivided into two major groups by the
Dde I site at np 10394 and an adjacent Alu
I site at np 10397 (37, 43). Important
Asian-specific sublineages which have
the Dde I and Alu I sites are haplogroup
C, defined by a combined HincII site loss
at np 13259 (45) and an Alu I site gain at
np 13262, and haplogroup D, defined by
an Alu I site loss at np 5176 (2, 43). Key
Asian sublineages which lack the Dde I
and Alu I sites include haplogroup F,
delineated by a combined Hpa I/HincII
site loss at np 12406 (Hpa I morph 1) plus
a Hae III site gain at np 16517 (36, 37);
haplogroup A, defined by a Hae III site
gain at np 663; and haplogroup B (for-
merly D), defined by a 9-np intergenic
deletion between MITK and MTC02 (np
8271 and 8281) (2, 46) and a Hae III site
at np 16517 (30, 37, 41). The haplogroup
B 9-np deletion appears to have origi-
nated in southeastern China and spread
along the Asian coast, ultimately migrat-
ing out onto the Pacific Islands, where its
frequency increases towards fixation (37,
47, 48).

Single founding haplotypes of only four
Asian haplogroups (A, B, C, and D) appear

to have successfully migrated from Asia to
the Americas with the first immignts, the
Paleoindians. Virtually all modern Native
American mtDNA variation radiates from
these four founding haplotypes (7, 40, 41,
45). Three ofthe haplogroups (A, C, and D)
are also found at high frequencies in east-
ern Siberia, with their proportion becom-
ing progressively enriched from south to
northeast. The fourth haplogroup (B) has
not been observed in Siberia (42). Com-
parison of the mtDNA variants in Native
Americans versus Asians plus Siberians
indicates that the continents share the
founding haplotypes ofA, B, C, and D, but
all additional American mtDNA variation
is specific to the Americas (41, 42). This
implies that the American intrahaplogroup
sequence variation originated after Native
Americans and Siberians became sepa-
rated, and thus is proportional to the time
since those haplogroups arrived in the
Americas. The sequence diversities of
American haplogroups A, C, and D range
from 0.053 to 0.096, but the diversity of
haplogroup B is only 0.024 (41). Thus it
seems that the Asian population expanded
northeast relatively rapidly, with haplo-
groups A, C, and D becoming progres-
sively enriched until individuals carrying
only the founding haplotypes crossed the
land bridge. The Siberian and American
populations then became separated as the
land bridge submerged, leaving the Sibe-
rian and American mtDNAs to radiate
independently of each other. Much later,
the founding haplotype of haplogroup B
arrived, possibly by the coastal-maritime
route. Descendants of haplogroup B sub-
sequently dispersedamong the A, C, andD
populations of North, Central, and South
America.
To estimate the times of these migra-

tions, we determined the sequence evo-
lution rate of Native American mtDNAs
from the Chibcha speakers of Panama,
for which independent estimates of their
age are available. From this tribe, the
mtDNA sequence divergence rate was
found to be 2.2-2.9%o per million years,
indicating that haplogroups A, C, and D
arrived between 22,000 and 29,000 years
before the present and haplogroup B ar-
rived between 8000 and 11,000 years be-
fore the present (49).

Later Asian immigrants founded the
Na-Dene and Eskaleut linguistic groups.
The Na-Dene of northwestern Canada
and Alaska contain only mtDNAs ofhap-
logroup A, with one-third ofthe mtDNAs
having undergone a distinctive Rsa I site
loss at np 16329. The overall diversity of
the Na-Dene haplogroup A is 0.021, sug-
gesting that they arrived shortly after the
haplogroup B immigrants (40).
While evolutionarily interesting, these

ethnic-specific variants appear to be of
little importance to individual fitness and
longevity. However, they are extremely
numerous. Therefore, special care must

be exercised to avoid accidentally attrib-
uting a pathological role to an ethnic-
specific variant. An effective method for
distinguishing a recent disease mutation
from background polymorphisms in se-
quenced patient mtDNAs is to determine
the phylogenetic relationship between
the patient's haplotype and the world
mtDNA phylogeny. This defines the con-
trol mtDNAs which are most closely re-
lated to the patient mtDNAs. A sequence
variant found in the patient that is not
present in the related controls must then
be a recent mutation and hence a possible
cause of the disease. The value of this
approach is demonstrated in our recent
article describing the identification of a
mtDNA mutation for dystonia, MTND6*-
LDYT14459A (50).

Mildly Deleterious mtDNA Mutations

While many of the ethnic-specific
mtDNA base substitutions do not change
known genetic functions, others, such as
the Asian Hpa I morph 1 variant at np
12406, alter moderately conserved amino
acids (36). Since these variants have be-
come established in their respective eth-
nic groups by drift, they must not sub-
stantially reduce reproductive fitness.
However, it is possible that some ofthese
variants cause subclinical reductions in
oxidative phosphorylation capacity
which, when exacerbated by the accu-
mulation of somatic mtDNA mutations,
can lead to organ failure in old age.

Evidence in support of this hypothesis
comes from the extensive data on the
mtDNA mutations that cause Leber he-
reditary optic neuropathy (LHON).
LHON is a maternally inherited form of
late-onset acute or subacute bilateral cen-
tral vision loss leading to scotoma and
blindness. Sixteen mtDNA mutations
have been observed in association with
LHON, and these mutations vary in their
predilection to cause blindness and in
whether the mutation is ancient or recent.

Current evidence suggests that S ofthe
16 LHON mutations are primary causes
of LHON, though these 5 differ in their
propensity for causing the disease.
Listed in order from lowest to highest
disease-causing potential, the primary
mutations are MTCYB*LHON15257A
(51,52), MTND6*LHON14484C (53, 54),
MTND1*LHON3460A(55-57),MTND5*-
LHON11778A (58), and MTND6*LDYT-
14459A (50). Three additional mutants
may also be primary, but require further
characterization. These are MTND5*-
LHON13730A (57), MTCO2*LHON-
9438A, and MTCO3*LHON9804A (59).
Eight other mutations have been found at
increased frequency among LHON pa-
tients (1-3). Generally, however, these
occur in conjunction with one of the
primary mutations, and they are assumed
to be secondary variants which may act
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synergistically to increase the severity of
the oxidative phosphorylation defect and
the probability ofblindness (1-3). Ofthese
synergistic mutations, the four most im-
portant are MTNDS*LHON13708A (52,
60),MTNDI*LHON3394C(61),MTCOI*-
LHON7444A (62), and MTNDI*LHON-
4160 (63).
The criteria used for ranking the pri-

mary mutations from mild to severe in-
clude their clinical manifestations, asso-
ciation with specific mtDNA lineages,
cooccurrence with secondary LHON
mutations, heteroplasmy, amino acid
conservation, penetrance, and the poten-
tial for spontaneous visual recovery (64-
67). The two mildest primary LHON
mutations fit into the category of mildly
deleterious mutations (Table 1). The mild-
est of these is MTCYB*LHON15257A,
which is generally associated with
LHON, but has also beenfound in 0.3% of
the general population (61). This mutation
has been observed on the same mtDNA
lineage, usually together with the
MTNDS*LHON13708A and MTND6*-
LHON14484C mutations, in all but one
case (68); is consistently homoplasmic;
changes a highly conserved aspartate to
an asparagne; has a penetrance in males
of 72%; and, has a probability of visual
recovery of28% (67). The second LHON
mutation, MTND6*LHON14484C, is sig-
nificantly more severe. This mutation is
also present in a significant percentage of
LHON patients, but it has not been found
in the general population. It is commonly
associated with specific mtDNA lineages,
often in association with the MTNDS*-
LHON13708A, MTCYB*LHON15257A,
or MTNDI*LHON3394C mutations; has
been homoplasmic in every case but one
(54); changes a weakly conserved methi-
onine to a valine (Table 2); has a pene-
trance in males of 82%; and has a visual

recovery rate of 37% (67). The remaining
three primary LHON mutations are more
severe (64, 67). Mutations MTNDI*-
LHON3460A and MTND4*LHON-
11778A are moderately deleterious, being
associated with LHON but occurring on a
variety of different mtDNA lineages. Mu-
tation MTND6*LDYT14459A is severely
deleterious, resulting in childhood-onset
dystonia as well as LHON.
The secondary LHON mutations are

also relevant to the mildly deleterious
mutations. Comparison of the four most
important mutations (MTND5*LHON-
13708A, MTNDI*LHON3394C, MTC-
Ol*LHON7444A, and MTND1*LHON-
4160) again reveals that they make a
spectrum of contributions to the disease
process. All of these mutations are con-
sistently homoplasmic and associated
with specific mtDNA lineages. The
MTNDS*LHON-13708A mutation
changes a moderately conserved alanine
to a threonine but is found in 4% of the
normal population as well as in LHON
patients (52, 60, 61). The MTNDI*-
LHON3394C mutation changes a highly
conserved histidine to a tyrosine but is
found in 1% of the normal population
(61). TheMTCOI*LHON7444A mutation
converts the termination codon of
MTCO1 to lysine, extending the polypep-
tide by three charged amino acids and is
also found in 1% ofthe general population
(62). Finally, the MTNDI*LHON4160C
mutation converts a highly conserved leu-
cine to a proline and has been observed,
together with the primary MTND6*-
LHON14484C mutation (63), in a family
with LHON and pediatric neurodegener-
ative disease (63, 69). Thus, theMTND1*-
LHON4160C mutation may be interacting
with the MTND6*LHON14484C muta-
tion to give a more severe clinical pheno-
type.

Table 2. Comparisons between MTND6 LHON mutations and wild-type sequences of
various species

Amino acid sequence

Around conserved Around weakly
Mutant or species residue 72 conserved residue 64

72
LHON + dystonia (U.S.) Y T T V*M A I V I M
LHON Y T T A M A I V Vt M
Human Y T T A M A I V I M
Cow Y T T A M A T V i M
Mouse Y T T A M A T V L M
Rat Y T T a M A T V L M
Xenopus laevis Y S A A R A K V L M
Sea urchin (Strongylocentrotus purpuratus) Y S S A I S - V L M
Chicken Y S V S L A A V L M
Quail (Coturnix japonica) Y S V S L A A V L M
Fruit fly (Drosophila yakuba) Y V T S L A S V L M
Caenorhabditis elegans Y F S S L S K V F I
Ascaris suum Y F S S L S K V r I
*MTND6 np 14459 mutation. This has been found in 1 LHON + dystonia (U.S.) family and
in 0/348 controls (including 38 haplogroup D).
tMTND6 np 14484 mutation. This has been found in (i) >15 LHON families; (ii) 1 LHON +
dystonia (Australia) family, which also harbors an np 4160 mutation; and (iii) 0/250 controls.

Since severe LHON genotypes such as
MTND6*LHON14484C + MTNDJ-
*LHON4160C (63) and MTND6*-
LDYT14459A (50) cause early-onset neu-
rodegenerative disease, it follows that
much milder mtDNA mutations might pre-
dispose individuals to late-onset neurode-
generative diseases. The most common
late-onset clinical presentations are the
movement disorders [e.g., Parkinson dis-
ease (PD)] and dementias [e.g., Alzheimer
disease (AD)]. This hypothesis is sup-
ported by the repeated reports ofoxidative
phosphorylation deficiency in tissues from
AD and PD patients (70-75) and the recent
discovery that a relatively rare European
mtDNA tRNAGIn polymorphism at np
4336 (MTTQ*ADPD4336G) is found in
0.7% of the general population but in
5.2% of late-onset AD and PD patients
(76). M7TQ*ADPD4336G alters a mod-
erately conserved nucleotide at the junc-
tion between the amino acid acceptor and
TVPC stems, and it defines a European
mtDNA lineage in which AD and PD
patients clustpr. Moreover, patient mt-
DNAs in this cluster can harbor addi-
tional deleterious mtDNA mutations.
These include MTNDJ*ADPD3397G,
which changes a highly conserved methi-
onine to a valine in the ND1 gene and has
arisen two independent times in AD and
PD patients, and MTRNRI*ADPD 956-
963 ins SC, an -5-np insertion at- np
956-965 in the 12S rRNA (76). These
observations suggest that the MYTQ*-
ADPD4336G mutation may be a risk fac-
tor in developing AD and PD in certain
individuals, but that other factors such as
nuclear gene mutations, environmental
stress, additional inherited mtDNA mu'
tations, and the accumulation of somatic
mtDNA mutations may interact to drop
brain tissues below expression thresh-
olds, resulting in clinical manifestations
late in life.
A somewhat similar situation has been

encountered for neurosensory hearing
loss in a large Arab pedigree with spo-
radic deafness among maternal relatives.
Sequence analysis of the mtDNA of this
family revealed a homoplasmic MT-
RNRI*DEAF1555G mutation in the 12S
rRNA. Proofthat this variant contributed
to the deafness came from the discovery
that unrelated individuals who experi-
enced deafness after aminoglycoside ex-
posure had the same nucleotide substitu-
tion. Thus, the rRNA mutation predis-
poses individuals to deafness, but clinical
expression requires additional factors
such as modifying nuclear genes or envi-
ronmental challenges (77).

Moderately Deleterious mtDNA
Mutations

As the severity of the mtDNA mutations
increases, the frequency and severity of
their clinical manifestations increase.
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Since more severe mutations have re-
duced fitness, they are more rapidly elim-
inated by selection. Hence, severe mu-
tations will be recent, appear on different
mtDNA haplotypes, and often be hetero-
plasmic.
The LHON mutations MTNDI*-

LHON3460A and MTND4*LHON-
11778A fall into the moderately delete-
rious category. The MTNDI*LHON-
3460A mutation consistently presents as
LHON, has appeared on several
mtDNA lineages, occasionally cooccurs
with other LHON mutations, is gener-
ally homoplasmic, changes a moder-
ately conserved alanine to a threonine,
is expressed in 69% of males, and ex-
hibits a 22% spontaneous recovery rate
(55, 56, 66, 67). The MTND4*-
LHON11778A mutation is by far the
most common cause ofLHON (58), and
it must be more pathogenic, since one
individual is reported to have lost his
vision at age 37 and then developed
cerebellar-extrapyramidal tremor and
left-side rigidity associated with bilat-
eral basal ganglial lesions at age 38 (78).
This presentation is similar, though
milder, than the neurodegenerative dis-
ease and dystonia seen in the more
severe MTND6*LHON14484C + MT-
NDI*LHON4160CandMTND6*LDYT-
14459A genotypes. Additional charac-
teristics of the moderately deleterious
MTND4*LHON11778A mutation are
that it has arisen in multiple different
mtDNA lineages (79), is only occasion-
ally found with other LHON mutations
(66), is frequently heteroplasmic (80),
converts a highly conserved arginine to
a histidine, is about 82% penetrant in
males, and shows only 4% spontaneous
recovery (64, 65, 68).
A variety of other moderately delete-

rious mutations have been identified,
mostly in the mtDNA tRNA genes (2).
The best studied of these are MTTK*-
MERRF8344A (13, 14) and MTTLI*-
MELAS3243C (81, 82). The clinical syn-
drome commonly associated with the np
8344 mutation is myoclonic epilepsy and
ragged red fibers (MERRF), while that
associated with the np 3243 mutation is
mitochondrial encephalomyopathy, lac-
tic acidosis, and strokelike episodes
(MELAS). These mutations are consis-
tently heteroplasmic and subject to rep-
licative segregation, so that clinical man-
ifestations vary markedly among mater-
nal relatives. MERRF family phenotypes
can range from normal, through hearing
loss and mild myopathy, to uncontrolled
myoclonic jerking and multiple system
failure (13-15). MELAS family pheno-
types can include individuals who are
normal, have adult-onset diabetes and
deafness (83), manifest cardiomyopathy
(22), experience stroke-like episodes and
myopathy, or have ocular myopathy (81).
Occasionally, children harboring either

mutation can present with Leigh syn-
drome, a lethal childhood disease involv-
ing bilateral basal ganglial degeneration
(84). It is common in both mutations for
individuals to be clinically normal during
childhood, develop symptoms as adoles-
cents or adults, and then get worse as
they age.
The delayed onset and subsequent pro-

gression of these diseases has been ex-
tensively studied in the MERRF syn-
drome. In one large MERRF pedigree,
eight maternal relatives were thoroughly
examined and found to differ at the clin-
ical, biochemical, and molecular levels.
These differences could be explained by
two variables: the patient's inherited per-
centage of mutant mtDNAs and the pa-
tient's age. For example, the proband
with 95% mutant mtDNAs developed
symptoms as a teenager which pro-
gressed through her twenties into uncon-
trollable myoclonus, mitochondrial my-
opathy, neurosensory hearing loss, pro-
gressive dementia, cardiomyopathy, and
renal failure. Biochemically, she had se-
vere skeletal muscle mitochondrial en-
zyme defects in complexes I and IV and
a lymphocyte mitochondrial protein syn-
thesis defect (13, 85). Her comparable-
age cousin with 85% mutant mtDNAs
was clinically and biochemically normal,
while her 65-year-old aunt, also with 85%
mutant mtDNAs, was as severely af-
fected as the proband (13-15, 86).
These observations support the hy-

pothesis that in pedigrees harboring mod-
erately deleterious mutations, maternal
relatives remain relatively unaffected un-
til meiotic segregation increases the per-
centage of mutant mtDNAs to close to
cellular and organ energetic thresholds.
Then small environmental challenges or
slight increases in the percentage of mu-
tant mtDNAs, due to either mitotic seg-
regation or somatic mutation, lower en-
ergy outputs below expression thresh-
olds, resulting in the onset and subsequent
progression of the disease (1, 3).

Severely Deleterious mtDNA Mutations

Individuals harboring moderately delete-
rious mtDNA mutations, even at high
percentages of mutant mtDNAs, gener-
ally function reasonably well through
childhood. However, even more delete-
rious mtDNA mutations have been re-
ported which result in severe, often le-
thal, childhood disease. Such severely
deleterious mutations greatly reduce re-
productive fitness and the maternal lin-
eages rapidly die out. Consequently, all
independent families are new, hetero-
plasmic mutations which exhibit striking
clinical variation along the maternal lin-
eage due to rapid replicative segregation.
Among the LHON mutations,

MTND6*LDYT14459A is the most se-
vere and fits into the severely deleterious

category. This mutation was discovered
in a large Hispanic family consisting of78
family members, 22 of which were af-
fected along the maternal lineage. The
clinical manifestations of the maternal
relatives varied from normal, through
late-onset optic atrophy, to early-onset
dystonia accompanied by bilateral basal
ganglial degeneration. The proportion of
affected individuals and the severity of
the disease increased with each succes-
sive generation, suggesting the segrega-
tion of a heteroplasmic mtDNA mutation
(87). Molecular analysis revealed that
this family harbored a Native American
mtDNA from haplogroup D, and that the
only novel mutation was a heteroplasmic
G to A transition at np 14459 which
converted a conserved alanine to a valine
(Table 2) (50). The severity of the MT-
ND6*LDYT14459A mutation is demon-
strated by its associated childhood-onset
striatal necrosis and dystonia and by the
facts that it is a new mtDNA mutation in
Native American clade D and not found
in 310 controls, that it is heteroplasmic,
and that when approaching homoplasmic
it has a penetrance of 48% of maternal
relatives manifesting dystonia, 10%
LHON, and 3% LHON plus dystonia
(87, 88) (Table 1).
While clinical and genetic criteria

clearly rank MTND6*LDYT14459A as
the most severe LHON mutation, the
amino acid substitution is relatively con-
servative, converting an alanine found in
taxa as diverse as human and sea urchin
to a valine (Table 2). This contrasts with
the less severe MTND4*LHON11778A
mutation, which changes a highly con-
served arginine to a histidine. However,
the other primary LHON mutation in the
MTND6 gene, MTND6*LHON14484C,
is even less conserved than MTND6*-
LDYT14459A, changing a methionine
found in human and cow to a valine
(Table 2). Since MTND6*LHON14484C
results only in LHON, while MTND6*-
LDYT14459A also causes dystonia, the
two MTND6 mutations are internally
consistent, and they imply that mutations
in MTND6 are much more prone to cause
blindness than mutations in MTND4.
MTND6 is one of the less constrained
complex I subunits, yet both LHON mu-
tations occur in the most evolutionarily
conserved region of the polypeptide (89).
Perhaps, MTND6 is uniquely important
for the normal function of the human
visual pathway and basal ganglia (50).

Severely deleterious missense muta-
tions have also been discovered in the
MTATP6 gene (MTATP6*NARP8993G or
C). One of these heteroplasmic mutations
converts a highly conserved leucine to an
arginine, while the other converts the leu-
cine to a proline (90, 91). These mutations
cause a broad spectrum ofclinical presen-
tations ranging from mild peripheral re-
tinitis pigmentosum, through olivoponto-
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cerebellar atrophy and macular degener-
ation, to lethal infantile Leigh syndrome
accompanied by basal ganglial lesions
(92-95). Biochemical analysis and somatic
cell genetic studies have shown that the
MTATP6*NARP8993G mutation blocks
the proton channel of the ATP synthase,
thus inhibiting ATP generation from oxi-
dative phosphorylation (96, 97).
A number of severely deleterious

mtDNA tRNA mutations have also been
identified which cause severe childhood
disease when approaching homoplasmic.
A mutation in the tRNALeuR gene at np
3302 (M7TLI*MM3302G) alters the nu-
cleotide at the end of the amino acid
acceptor stem (98, 99). This mutation
causes severe childhood and young adult
myopathy and has been proposed to
block the muscle-specific processing of
the tRNALUR transcript (99). An adja-
cent mutation, MTTLJ*MMC3303T, re-
sults in lethal childhood cardiomyopathy
(100). A mutation in the tRNAPor gene,
M7TP*MM15990A, converts the proline
anticodon (UGG) to serine (UGA), and
manifested as classical mitochondrial
myopathy in a 7-year-old patient who
harbored 85% mutant mtDNA (101).

Conclusions

To date, most studies on mtDNA se-
quence variation have been motivated by
questions about population diversity and
origins or by efforts to identify mtDNA
mutations that cause maternally inherit-
ed diseases. The former studies empha-
sized neutral mtDNA polymorphisms
(e.g., African np 3592 Hpa I site), while
the latter focused on moderately delete-
rious mtDNA mutants (e.g., MTND4*-
LHON11778A, MTTK*MERRF8344G,
and MITLI*MELAS3243G). However,
these studies have overlooked two other
important classes of deleterious mtDNA
mutations: the mildly deleterious muta-
tions which may contribute to the com-
mon degenerative diseases of old age,
and the severely deleterious mutations
which may be an important factor in
complex pediatric diseases.
To identify additional pediatric mtDNA

diseases, it will be necessary to view
family histories from a new perspective.
Generally, it is assumed that an affected
child with "normal" parents has inherited
an autosomal or X-linked recessive or
new dominant nuclear mutation. How-
ever, an alternative explanation might be
that the child has inherited a high percent-
age of mutant mtDNAs from a mother
whose mtDNA genotype is below the ex-
pression threshold. Similarly, to identify
mtDNA mutations associated with late-
onset degenerative diseases, it will be
necessary to evaluate patient and popula-
tion distributions of mildly deleterious
mtDNA variants, in addition to analyzing
pedigrees based on the assumption of

dominant inheritance with incomplete
penetrance.
While the mtDNA paradigm has al-

ready permitted identification of a vari-
ety of mtDNA mutants associated with
clinical phenotypes such as AD and PD
(76), blindness (58), epilepsy (13, 14), and
dystonia (50), there is one class of
mtDNA mutation, the advantageous mu-
tation, that has eluded detection. Mito-
chondrial oxidative phosphorylation
serves three vital and interrelated func-
tions: reoxidation ofNADH and FADH2,
generation of energy in the form of ATP,
and regulation of temperature by gener-
ating heat. The generation of ATP re-
quires tight coupling of oxidative phos-
phorylation and might be optimal in the
tropics. The generation of heat requires
loose coupling and might be advanta-
geous in the Arctic. Certain mtDNA mu-
tations might affect coupling and be se-
lected for or against as women migrated
between the equator and the poles. Such
selective forces would enrich for specific
mtDNA variants through genomic hitch-
hiking, thus limiting diversity. Subse-
quent migration of individuals carrying
these mtDNAs to new environments
would alter the selective pressures and
might provide another mechanism for
mitochondrial insufficiency.
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